This study was undertaken to investigate whether prolonged stress interferes with sexual behavior and changes biochemical and physiologic mechanisms. Experiments were repeated three times with different rats in each period. In all, 63 female Sprague-Dawley rats were employed, with 21 rats in each period, and the control group was maintained at room temperature with free access to food and water. The stress group was maintained under a scheduled stress condition for 10 days, and seven rats from the group were randomly selected and exposed to the control environment for 10 days as the recovery group. Sexual behavior, hormonal values, and neuronal and endothelial nitric oxide synthase (nNOS and eNOS) expressions of vaginal tissue were analyzed and compared. Serum testosterone levels were significantly elevated in the stress and recovery groups (Po0.05). Female rats in the stress group showed reduced receptivity to their male mates (Po0.05). Western blot analysis demonstrated that nNOS and eNOS expressions were significantly lower in the stress group (Po0.05) than in the other groups. We conclude that chronic physical stress modifies the sexual behavior of female rats through a mechanism believed to involve complex changes in sex hormones, endocrine factors, and neurotransmitters.
Introduction
Various forms of physical and psychological stress are believed to reduce sexual functions. Several studies have examined the relationship between stress and sexual behavior in male rats, using applied stresses such as restraint and electrical shock. [1] [2] [3] [4] [5] These reports show that chronic psychological and physical stresses induce erectile dysfunction, which results from neurotransmission changes in various erectile response pathways, including the median preoptic area, and a reduced blood flow in genital organs. Based on these findings, we suspect that stress affects sexual function in both men and women.
Many women with stress experience some forms of sexual difficulty, such as a decreased libido, arousal difficulty, or orgasmic difficulty. 6 However, no research has been conducted related to changes in the clitoris and vagina when female subjects are subjected to prolonged stress. Is it that only a psychological phenomenon occurs at the cerebral cortical area controlling sexual activities? Or are there any significant changes in the vagina, clitoris, or other sexual response organs that lead to arousal or orgasmic difficulties?
In females, clitoral and vaginal engorgements are major phenomena required to reach a state of adequate sexual arousal, and later, to reach an orgasmic response. 7, 8 It is believed that nitric oxide (NO) and nitric oxide synthase (NOS) play important roles in these reactions. [9] [10] [11] In this study, we undertook to investigate the effects of physical stress on sexual function by measuring changes in sexual behaviors, serum hormonal levels, and in neuronal NOS (nNOS) and endothelial NOS (eNOS) concentrations in vaginal tissues, both important mediators of smooth muscle relaxation and vascular engorgement, and therefore sexual arousal.
Materials and methods

Animals and stress conditioning
In this study, 63 female Sprague-Dawley rats weighing about 250 g were grouped into three repeat groups of 21 for each experimental condition: control, stress, and recovery from stress. Animals in the control group (seven rats) were kept in cages measuring 260 Â 420 Â 180 mm 3 with four rats per cage. Control group animals were housed at room temperature, under diurnal rhythm, and given a general diet with free access to water. However, rats in the stress group (14 rats) were maintained under stressful conditions for 10 consecutive days. The stress applied to the stress group consisted of starvation, a low temperature (41C), immobilization, and changes in diurnal rhythm. In the stress group, cages used for immobilization were 200 Â 200 Â 100 mm in size and seven rats were kept in each cage on the scheduled days. A normal cage was identical in size to that used for the control group. The schedules used are presented in detail in Table 1 . In the recovery group, of the 14 rats placed under 10 consecutive days of stress, seven were randomly selected and exposed to the control environment for 10 days.
Observation of sexual behavior
Behavioral testing was performed on 21 female rats out of 63 rats, seven in each group, control, recovery, and stress groups. Only estrous females in each group, as determined by vaginal mucosal smear, were selected for mating. The others independent of their estrous cycles were killed for biochemical and biomolecular study.
Each female rat was placed in a transparent acrylic observation cage, sized 260 Â 420 Â 180 mm, and allowed to become accustomed to the environment for 10 min. Rat movements were observable in all directions. A male rat was then gently introduced into the cage and sexual behavior was observed. All sexual behavior tests were recorded on video camera and the results were scored and analyzed by one observer who was blind to the study details. Receptivity was measured using the lordosis ratio of full instances of lordosis exhibited in response to mounts with pelvic thrusting by a male rat over 30 min. Any defensive kick, push, run or roll onto the back was considered as a rejection response. We defined receptivity as the frequency of lordosis response to intromissions. The observer reviewed four periods of recordings, 30 min for each recording period. All testing was conducted during 2200-0100 hours, in a dark, silent room at room temperature.
Measurement of serum hormone levels
On the 10th day for the control group, on the final day of stress loading in the stress groups, and after a 10-day recovery had been allowed in the recovery group, blood sampling was carried out via the inferior vena cava. Serum estrogen (17-b estradiol), testosterone, dopamine, and norepinephrine levels were assayed by radioimmunoassay (RIA). Each blood sampling was performed regularly between 1400 and 1600 hours.
For assays for 17-b estradiol and testosterone, samples were analyzed using the Coat-a-Count RIA kitt (Diagnostic Products Corporation, Los Angeles, CA, USA) in accordance with the manufacturer's instructions. Dopamine and norepinephrine levels were measured by high-performance liquid chromatography. 12 
Tissue preparation
For blood and tissue sampling, specimens were obtained after killing by decapitation. The distal one-third of the vaginal tissues was removed, the tissue was dried with an absorbent paper, and surrounding fat tissues were removed. Tissues were snap-frozen in liquid nitrogen and stored at À701C until required. 
Observation of NOS expression in vaginal tissue
For the quantitative analysis of changes in NOS expression, Western blot analysis was performed using SDS-PAGE. Protein assay of the tissue extracts was performed using a modified Bradford assay. 13 Monoclonal anti-nNOS antibody (Transduction Laboratories, Lexington, KY, USA) and monoclonal anti-eNOS antibody (Transduction Laboratories, Lexington, KY, USA) were used as primary antibodies, and low molecular weight prestained marker (Bio-Rad Laboratory, Hercules, CA, USA) was used to confirm the expressions of nNOS at 155 kDa, and of eNOS at 140 kDa. Blot density measurements were performed using a personal molecular imager FX (Bio-Rad Laboratory, Hercules, CA, USA) supported by imaging analysis software (Quantity One, Imaging Research Inc., Ontario, Canada).
Statistical analysis
The data were analyzed using the statistical package for the social sciences for Windows (SPSS Inc., release 10.0). The Mann-Whitney U-test was used to compare control and stress group data, and the Wilcoxon signed-rank test was used to compare stress and recovery group data. Po0.05 was considered significant.
Results
Changes of serum hormone levels
Changes in 17-b estradiol, testosterone, dopamine, and norepinephrine levels are shown in Table 2 . The mean serum 17-b estradiol levels were significantly lower in the stress and recovery groups than in the control group (18.4079.38 pg/ml, P ¼ 0.043; 17.8677.14 pg/ml, P ¼ 0.032; 23.43710.11 pg/ml, respectively). Meanwhile, the mean testosterone levels were significantly higher in the stress and recovery groups than in the control group (0.0670.05 ng/ml, P ¼ 0.041; 0.0570.03 ng/ml, P ¼ 0.032; 0.0370.01 ng/ml, respectively), and tended to be higher in the stress group than in the recovery group, although not significantly (P ¼ 0.071). The mean dopamine (DA) and norepinephrine (NE) levels were significantly higher in the stress and recovery groups than in the control group (DA: 75.2078.76 pg/ml, P ¼ 0.001; 78.8277.02 pg/ ml, P ¼ 0.001; 37.6072.09 pg/ml, respectively; NE; 647.99754.76 pg/ml, P ¼ 0.025; 523.68770.8 pg/ml, P ¼ 0.044; 321.56712.15 pg/ml, respectively).
Changes in sexual behavior
The sexual behavior of female rats in the three groups was analyzed. Receptivity was scored as the frequency of lordosis in response to intromission over 30 min, and converted to mean times per minute. The receptivities of the control, stress, and recovery groups were 1.3970.58, 0.5671.09, and 1.0270.75 times/min, respectively. In the stress group, receptivity was significantly lower than in the other two groups, while the recovery group showed receptivity similar to the control group (P ¼ 0.04 in the stress group, and P ¼ 0.089 in the recovery group, as compared with the control group).
Changes in NOS expression
NOS expression in vaginal tissue was significantly different in the three groups (Figures 1 and 2 ). nNOS Stress and sexual function in rat H Yoon et al and eNOS expressions were significantly lower in the stress group (P ¼ 0.032 and 0.038, respectively). In the recovery group, their expressions were higher than in the stress group (P ¼ 0.047 and 0.034, respectively), but lower than those of the control group.
Discussion
Stress, whether it is acute or chronic, may affect sexual function. Previous studies concerning stress and sexual behavior in male subjects have reported that stress significantly modifies sexual behavior. [1] [2] [3] [4] [5] 14, 15 In general, sexual response in the female requires mental-physical reciprocal reactions, which are more complicated than in the male. Therefore, the effects of psychological and physical stress on sexual activity could be much larger in female than male subjects. However, no study is available on the effect of stress on female sexual function.
We hypothesized that chronic physical stress may affect female sexual function and aimed to identify pathophysiologic changes induced by chronic stress. Furthermore, we investigated how these changes could bring about arousal and orgasmic difficulty.
In this study, female rats under stress showed significantly decreased receptivities to their male partners, which is in agreement with the results of other studies on male rats. [1] [2] [3] 15, 16 Similar to the symptoms of prolonged stress in male rats, that is, a lower degree of sexual initiation and delayed ejaculation, the female rats of our study showed significantly reduced receptivity and more aggressive irritable behavior.
As regards catecholamine neurons, it has been reported that corticosteroids enhance the expression of brain dopamine receptors. 17 Therefore, the hypercortisolism induced by acute stress could activate catecholamine neurons in the brain, and this could affect sexual behavior. In our data, catecholamine and dopamine levels were found to be elevated in the stress group. One limitation of our study was that brain dopamine activity and dopamine receptor expression was not investigated, in addition to the peripheral plasma dopamine level. However, even with the elevated dopamine level that is believed to Figure 1 Expression of vaginal nNOS in each group, by Western blot and densitometric analysis. Control group: female rats in a comfortable general environment with general diet and free access to water (n ¼ 21). Stress group: female rats under 10 days of consecutive stressful conditions (n ¼ 21). Recovery group: female rats under 10 days of recovering environment that is similar to the control group condition after 10 consecutive days of stress (n ¼ 21). An immunoreactive band was detected at 155 kDa and blot densities were analyzed by image analyzing software. (a) Analysis of significance was compared with control, Po0.05 (P ¼ 0.007). (b) Analysis of significance was compared with control, Po0.05 (P ¼ 0.047). (c) Analysis of significance was compared between stress and recovery groups, P40.05 (P ¼ 0.044). 
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H Yoon et al function as a prosexual hormone, [18] [19] [20] the decreased receptivity shown by our data suggests that changes in female sexual response due to stress are the result of complicated reactions involving various factors.
In animal model studies, mental or physical stress increases the level of serum catecholamines, thereby causing vascular contraction, which in turn reduces blood flow and leads to sexual dysfunction. 5, 21, 22 Since stress is concomitant with an increased output of catecholamines in blood, 5 it is reasonable to assume that blood flow to the genital organs reduces during periods of stress. Although we did not measure genital blood flow in our study, we measured norepinephrine as an indirect index of catecholamine level and found that it increased in the stress group and decreased in the recovery group. This result indirectly supports the suggestion that stress affects female genital blood flow.
We also observed changes in serum 17-b estradiol and testosterone levels. In particular, the testosterone level was higher in the stress group than in the control group. Meanwhile, 17-b estradiol level was significantly reduced in the stress group. It is widely known that sex hormones play important roles in sexual response in males and females. In male rats, testosterone modulates sexual behavior and response to sexual stimulation, and NO, which is an important modulator of vascular relaxation response to sexual stimulation, is known to be testosterone dependent. 23, 24 In females, many investigators have found that NO may also participate in female sexual response and vascular relaxation in the clitoris and vagina, and NO is also suspected to be sex hormone dependent. 7, 8, 10, 11 However, estrogen and testosterone have a complicated action, which is species dependent, and some controversy exists on the relation between vaginal smooth muscular contractility and the action of NO. We measured vaginal nNOS and eNOS expression instead of nNO or eNO because NO is relatively unstable and difficult to measure. Our data show that vaginal nNOS and eNOS expression in the stress group reduced compared to the control group, and this reduction might be the effect of elevated testosterone and lowered estrogen. Therefore, it is postulated that reduced nNOS and eNOS levels cause reduced neurotransmission, less smooth muscle relaxation, and a lowered vascular blood flow in response to sexual stimuli in the vaginal tissue. Furthermore, this is clinically expressed as a difficulty in arousal response and orgasmic response. If such abnormal hormonal profile changes persist for a long time, secondary tissue changes could occur in the vagina.
Meanwhile, in the recovery group, 17-b estradiol was lowered and testosterone was elevated compared with the control group (both Po0.05), a pattern similar to that observed in the stress group. However, we cannot exclude the possibility of sampling error, due to the relatively small sample size, or the lack of a reference showing the time required for subjects to recover completely from stress.
In the present study, physical stress in female rats induced hormonal and vaginal NOS expression changes and caused observable sexual behavioral changes. We believe that these changes results from multifactorial reactions. In other words, stress in female rats affects the neuroendocrine system and this induces the various secondary changes that affect sexual function.
Conclusion
In female rats under chronic stress, sexual behaviors were changed. We suggest that changes of serum sex hormones, catecholamines, and NOS subtype expressions in the vaginal tissues participate in a multifactorial response in chronically stressed female rats.
